Introduction
Our understanding of how evolution has produced variation among living species broadly results from research at, and among, three levels: within an individual, within a population or species, and among populations or species. At each level, researchers study how the behavior of the component parts (e.g., cells and molecules, individuals and groups, and populations or species) characterizes the greater unit (an individual, a population or species, and macro-evolutionary patterns, respectively). For example, within an individual, researchers study developmental and ontogenetic processes, along with the physiological basis of these processes. Similarly, within a population or species, researchers study individuals themselves to understand how individual variation is shaped by evolution over micro-evolutionary time-scales. Finally, among populations or species, researchers study ecological interactions, as well as macro-evolutionary variation that have been produced through simultaneous evolution in many species. Integrating our understanding of the biological processes linking variation at each of these levels is not a trivial task. Integrating all three levels simultaneously is exceedingly difficult, in part because such an integrated framework is difficult to conceptualize, and also because tools designed to study variation at one level may hinder us at other levels. For example, quantitative genetics, largely designed to study evolution at the population level, may not always be an effective tool when applied to macro-evolution (Pigliucci and Schlichting 1997) , although it is now clear that quantitative genetics has predictive value at this level in at least some cases (Schluter 1996; Begin and Roff 2004; Hadfield and Nakagawa 2010) . Here, we argue that a critical step in linking within-species variation to macro-evolutionary patterns is understanding how the molecular signaling systems responsible for variation in traits change in concert with phenotypic diversification. For the purposes of this article, we specifically consider inter-cellular and intra-cellular signaling systems that coordinate development and plasticity, focusing on hormones. As we will discuss, we can generate hypotheses about the role of molecular signaling systems in phenotypic evolution not only as targets of selection, but also with their own independent or complementary roles in phenotypic diversification by considering how standing phenotypic patterns within species translate into interspecific relationships (see Fig. 1 for a simple conceptual example). Importantly, we suggest ways in which we can then begin to address such hypotheses by directly incorporating measurements of molecular signaling systems into macro-evolutionary research. Incorporating plasticity and development into an evolutionary framework has already yielded insights into the rate of evolution and evolutionary innovations (Price et al. 2003; West-Eberhard 2003; Pigliucci et al. 2006; Pfennig et al. 2010; Wagner 2010; Moczek et al. 2011) . Here, we outline how more explicitly integrating the study of molecular signaling systems with phenotypic evolution on a macro-evolutionary scale may help us integrate different levels of biological variation.
Our understanding of the role of mechanism and plasticity in evolution is largely a result of comparisons among pairs of genotypes, populations, or species (Zera et al. 1998; Zera and Harshman 2001; Zera et al. 2007; Denver et al. 2009; Sparkman et al. 2009; Moczek et al. 2011; Kitano and Lema 2013) , as well as detailed mechanistic research in model organisms (Flatt et al. 2005; Lapierre and Hansen 2012) . Nevertheless, two-species comparisons are limited, both due to a low sample size in terms of species, and a narrow evolutionary scope (Garland and Adolph 1994) . Extending comparative work to multi-species comparisons can help us address new questions such as (1) how evolution operates across entire taxonomic groups, (2) relative differences in evolutionary lability among different components of molecular signaling systems, and (3) the role played by development in molding phenotypic patterns in response to selection. Despite the utility of comparing molecular signaling systems and their role in coordinating the development of complex phenotypes across macro-evolutionary scales, such multi-species comparisons remain quite rare.
Here, we review how the role of molecular signaling systems in coordinating phenotypic variation within individuals translates into phenotypic variation among species. We focus on the endocrine system and its downstream effectors because they are well understood, yet diverse in function, and important in constitutive variation as well as in developmental and activational plasticity. Despite this focus, we use the terminology of molecular signaling systems because some of the ideas we present are also relevant to neurotransmitters, cytokines, and transcription factors. It is important to note that although we use the term ''signaling system'' throughout to refer to the physiological basis of phenotypic variation, and ''phenotypic trait'' for the traits being regulated, signaling systems themselves also represent phenotypic traits (referred to as ''endophenotypes'' by Lema and Kitano 2013) . We first detail the basic components of the endocrine system that should be considered in order to extend our understanding of the evolution of such systems in concert with phenotypic evolution at macro-evolutionary scales. Second, we suggest hypotheses focusing on how the evolution of molecular signaling systems might influence macro-evolutionary patterns. It is important to recognize that macro-evolutionary statistical models must account for the shared evolutionary history among extant species due to the resulting statistical non-independence of data ( Fig. 2) (Harvey and Pagel 1991; Miles and Dunham 1993) . Therefore, we also discuss in detail the use of comparative phylogenetic techniques, how they can be applied, and what specifically we need to think about when applying them Fig. 1 Depiction of three potential scenarios of macro-evolution of a molecular signal in response to phenotypic evolution. Intraspecific correlations result from positive regulation of the phenotypic trait by the molecular signal during development. The solid arrow represents phenotypic evolution not accompanied by changes in the signal. This scenario requires evolution either in another component of the same signaling system, or in another signaling system that regulates the trait during development. The dotted line represents a response of both circulating concentrations of the molecular signal and the phenotypic trait in response to selection acting on the phenotypic trait. The signal thus represents the physiological target of selection responsible for variation in the phenotypic trait. The dashed line represents evolution of the signal's magnitude without phenotypic change. This scenario could be explained by selection acting on another phenotype that is not shown but is also regulated by the depicted signal. Simultaneous selection on the phenotype depicted here, but mediated by a different physiological target of selection regulating the same phenotype would result in a stabilizing response on the phenotype shown here. The ''molecular signal'' could be replaced by other non-signal components of the same molecular signaling system. simultaneously to molecular signaling systems and other traits. Finally, we discuss some analytical approaches that have yet to be widely applied to test the hypotheses we discuss.
Components of a molecular signaling system
Molecular signaling systems are complex, yet this complexity can quickly be forgotten when trying to study the evolution of mechanisms that coordinate development and plasticity across a range of species. It is tempting, for example, to only focus on the signal itself, such as the concentration of circulating hormone. This approach is very tractable, and has proved quite effective. Nevertheless, simplifying the entire system of cofactors, competitors, and receptors that can determine the final influence of a signal on phenotype to one salient factor may leave outstanding questions. For example, selection on phenotypes whose development is coordinated by a signal in question can result in changes in parts of the signaling system other than the signal itself, potentially in complex ways. The contrast between the complexity of these systems and the success that such simple measures have achieved suggests an important question. Specifically, to what extent must we integrate our holistic understanding of entire signaling systems with macro-evolutionary theory in order to understand the role of signaling systems in macro-evolutionary phenotypic change? This is largely an empirical question that can only be tested by comparing simple and complex models of the evolution of developmental systems at a macro-evolutionary level. Here, we outline the most salient properties of molecular signaling systems that may be considered when working at a macro-evolutionary level.
Molecular signals communicate environmental information both locally and globally
In response to environmental stimuli such as stress or food, hormones are secreted from specific tissues (glands) into the bloodstream. Hormones then circulate throughout the body, along the way encountering binding proteins, conversion factors, or metabolizing enzymes. These other proteins can influence the concentrations of free hormones, convert hormones into alternative forms (e.g., cortisol versus corticosterone), or break down hormones into inactive metabolites (Lodish et al. 2000) . Binding proteins, conversion enzymes, and metabolites can sometimes have roles independent of their interaction with circulating hormones (Ricort and Binoux 2001) . When hormones reach target tissues they either bind to transmembrane receptor proteins (if a peptide hormone or catecholamine) or enter the cell to bind within (if a steroid hormone). In the case of peptide hormones, various downstream intra-cellular mechanisms then come into play (Lodish et al. 2000) . Hormones, binding proteins, and enzymes that circulate thus represent global or systemic mechanisms, whereas hormone receptors, autocrine and paracrine action of hormones, and intra-cellular signals all have local impacts, and thus can have tissuespecific effects. Among other types of signals, cytokines released by a cell tend to signal nearby cells (Ozaki and Leonard 2002) , and transcription factors have important intra-cellular roles, often operating as downstream effectors of extra-cellular signals, among other roles (e.g., Tremblay and Drouin 1999) .
Molecular signaling systems exhibit both redundancy and pleiotropy
Molecular signals work in concert with other molecules that influence the ability of the signal to have an effect, and in many cases have their own effects. For example, when a peptide hormone binds to a transmembrane receptor, the receptor can signal multiple downstream transcription factors within cells. Some of these targets exhibit redundant effects, whereas others have unrelated effects, resulting in pleiotropy. For example, the transcription factors FOXO and Akt are downstream intra-cellular components of the insulin-signaling pathway. When insulin binds to an insulin receptor, it down-regulates FOXO through phosphorylation of Akt. Down- Fig. 2 Species may not be independent of one another due to shared evolutionary history, which can violate statistical assumptions and alter apparent relationships. Populations or species, shown here as points, can exhibit phylogenetic autocorrelation both with regard to their position along a slope, as well as their residual value from the slope.
regulation of FOXO results in increased growth-promoting activities further downstream (Hay 2011) . Simultaneously, phosphorylation of Akt can inhibit levels of the growth inhibitor TGF-, which in turn promotes growth (Attisano and Wrana 2002) . One result of insulin receptor signaling is thus activation of multiple mechanisms promoting cellular reproduction and growth. Some of these mechanisms have redundant upstream regulators that can also be influenced by environmental factors that may, or may not, be independent of nutritional states, such as stress (Hay 2011 ). Interestingly, cross-talk and feedback loops in which one signal influences its own expression, or that of another signal, are common not only among signals themselves (Berelowitz et al. 1981) , but also among receptors and between different components of molecular signaling systems (Forman et al. 1995; Dominici et al. 2005) . Hierarchical layers of redundancy and pleiotropy result in a complex system that introduces the possibility of phenotypic constraints, but at the same time suggests a great deal of flexibility that may allow, or even facilitate, rapid change. In order to fully address some of the more complex questions about the ability of molecular signals to shape evolution, we will need to consider the complexity of the entire system. Molecular signaling systems are flexible and regulate phenotypic plasticity and robustness across environments Systems that coordinate development through molecular signaling allow organisms to cope with environmental variation through flexibility in developmental transitions, life-history strategies, and trait expression. Hormones underlie such phenotypic plasticity and organismal robustness through their own plasticity in response to environmental variation. That both outward phenotypes and the signaling systems that coordinate them are plastic can be confusing. Molecular signals represent the mechanism regulating the phenotypic response to environmental variation, and as such, plasticity in these signals relates to plasticity in phenotype. Hormone concentrations vary consistently over ontogeny and with environmental conditions within an ontogenetic stage (Clemmons and Underwood 1991; Kappeler et al. 2009 ). Many phenotypes, such as behaviors, are activated when circulating concentrations of a specific hormone reaches a certain threshold . Also, components of signaling systems other than hormone concentrations can vary with environment (Lema and Kitano 2013).
Responsiveness of signaling systems to environmental variation within and between generations results in such systems mediating plastic responses and high performance across environments. Other signal types, such as neurotransmitters and transcription factors, exhibit similar responsiveness to the environment, due to their roles in regulating developmental and activational plasticity. Cytokines in particular exhibit drastic changes in circulating concentrations, circulating at low base-line concentrations, but exhibiting extremely rapid and large increases in magnitude (Ozaki and Leonard 2002) .
In conclusion, even when testing hypotheses using individual components of signaling systems, we must consider the complexity of the system. Endocrine systems are even more complex than discussed; we outline enough detail to illustrate that hormones operate as part of complex and integrated networks, and to suggest specific components of signaling systems that may be promising candidates for comparative analyses. Isolating promising candidates for the most salient components of signaling systems is an important first step; even the simplest scenarios involving up-regulation or down-regulation of signal production have more than one possible outcome (see Fig. 1 for an example). Considering circulating hormone concentrations in concert with receptor densities represents a reasonable beginning; yet even considering multiple components of molecular signaling systems may still fail to fully explain some macro-evolutionary patterns, particularly those in which molecular systems themselves evolve in ways other than simple up-regulation or down-regulation of expression. For example, components of signaling systems seem to evolve at different rates (Muggeo et al. 1979) , and the specific components of signaling systems that change with phenotypic diversification appear to vary among taxonomic groups (e.g., Sparkman et al. 2012) . Together, these observations suggest the possibility that evolution of signaling systems could occur in a step-wise fashion, which would be physiologically straightforward, but complex in both an evolutionary and statistical sense. We eventually should consider phenotypic responses to multiple environments in the form of reaction norms, cross-talk among hormones, and effects on multiple downstream targets to truly capture the complexity of developmental systems. Incorporating these basic components into a model of the evolution of plasticity and development should give the basic building blocks to allow us to translate phenotypic variation within species to patterns of phenotypic divergence across species in a developmental framework, moving beyond selection and quantitative genetic processes.
Using molecular signaling systems to bridge within-species and among-species variation
Patterns of among-species variation may sometimes parallel between-species variation (e.g., Fig. 3A and D), whereas other times comparison of the two defies expectations. Here, we first describe four basic intra-and interspecific phenotypic patterns, then lay out a series of hypotheses focusing on ways in which molecular signaling systems may clarify macro-evolutionary outcomes following diversification. In the first phenotypic pattern we describe, a positive correlation between two traits within species results in a positive correlation between the same two traits among species (Fig. 3A) . In the second pattern we describe here, negative correlations between two traits within species result in a strong positive interspecific relationship (Fig. 3B) . The third pattern consists of positive correlations between two traits within species leading to a negative correlation among species (Fig. 3C ). The final pattern we discuss in detail is that in which negative correlations within species translate to a negative correlation among species (Fig. 3D) . In other cases, the interspecific pattern may differ from that seen within species in more subtle ways, such as variations in slope or strength of relationship. In each case we present in Fig. 3 , we argue that the link between micro-evolutionary and macro-evolutionary variation can be better understood by investigating evolutionary changes in molecular signaling systems, such as changes in the regulation of a hormone or hormone receptor, the targets of a signal, the binding affinity of a signal or receptor, or major changes to a signaling network (e.g., through gene duplication). It is likely that all of these mechanisms play a role in determining the diversity of micro-evolutionary and macro-evolutionary patterns. Previously, consideration has been given to the roles of selection and drift in molding phenotypic change during diversification of species (Hansen and Martins 1996) . In each of the following hypotheses, we focus on how the underlying physiological mechanisms may bias the direction of evolution without respect to specific external selection regimes, or how they may modify the effects of external selective pressures. We also give specific predictions in each section with regards to the evolution of molecular signaling systems.
The ''lines of least physiological resistance'' hypothesis
One of the most commonly discussed ideas linking within-species and between-species variation is the ''lines of least resistance'' idea: divergence among species will proceed along the same axes of withinspecies variation ( Fig. 3A and D) . Although this idea was initially explored with respect to genetic correlations and genetic pleiotropy (Schluter 1996) , the same idea applies to pleiotropy in molecular signaling systems. Indeed, this hypothesis has been discussed in various forms in the literature on hormones. For instance, Ketterson et al. (2009) suggested that because circulating hormone concentrations are systemic, they essentially represent an integrating factor among traits, both within and among populations. Ketterson et al.'s (2009) phenotypic integration hypothesis is thus supported in situations mimicking Fig. 3A and D. We predict that changes in molecular signaling that support this hypothesis should come in the form of either the evolution of signals or of systemic evolution in the sensitivity to a signal, accompanying multivariate evolution along the same axis that regulation of traits follows within species (Fig. 3 , under ''predicted molecular signaling basis'').
Some comparative research suggests that the manner in which molecular signals, such as hormones, regulate traits within species is often widely conserved within larger taxonomic groups (Dantzer and Swanson 2012; Lema and Kitano 2013) . For instance, insulin-like growth factor-1 (IGF-1) plays an important role in generating multivariate variation in life history in vertebrates (Dantzer and Swanson 2012) . In one example in a population-level comparison in garter snakes (Thamnophis elegans), divergence between two ecotypes that differ in growth and mortality (Bronikowski and Arnold 1999; Manier and Arnold 2005) appears to be mediated by changes in plasma concentrations of IGF-1, although the role of IGF-1 within ecotypes in this case is complex and varies year-to-year (Sparkman et al. 2009 ). Although one interspecific study suggested that circulating levels of IGF-1 are significantly correlated with body size but not other lifehistory traits (Stuart and Page 2010) , recent research found that increases in IGF-1 among species also increased the ''fast-slow'' life-history axis such that large, long-lived, slowly-reproducing species had the lowest levels of IGF-1 (Swanson and Dantzer 2014) .
Although there is some evidence in support of the ''lines of least resistance'' hypothesis, selection experiments suggest that underlying genetic correlations and even pleiotropic constraints easily can be broken (Brakefield 2003; Conner et al. 2011; Eroukhmanoff and Svensson 2011) . Broader macro-evolutionary studies suggest that these underlying constraints may affect evolution only temporarily (Renaud et al. 2006) . Adkins-Regan (2008) suggested that at least for sex steroids and behavioral phenotypes, the role of hormonal pleiotropy as a developmental constraint on evolution is minimal. Ketterson et al. (2009) further pointed out that changes in the receptivity of target tissues can easily disintegrate the two traits in question. Swanson and Dantzer (2014) proposed that the ''lines of least resistance'' hypothesis should be particularly important when the role of a developmental mechanism is widely conserved among the species, and when species vary with regard to regulated phenotypes. We suggest therefore that the best way to resolve the apparent conflicting evidence is further empirical research on systems that satisfy these criteria.
The ''acquisition-allocation'' hypothesis
The life-history literature informs the second major hypothesis and brings a signaling system or developmental perspective to the bridge between micro-evolution and macro-evolution. In some cases, there may be ''macro-evolutionary trade-offs'' between traits across entire taxonomic groups due to shared body plan or developmental constraints that lead to negative relationships both within and among species (Fig. 3D) , for instance in the case of the reproduction-lifespan trade-off. However, in many situations, negative relationships between individuals within a species, sometimes representing trade-offs, Fig. 3 In the four scenarios shown here (A-D), both positive and negative correlations within and among species can result from a number of phenomena. Some of the most common causes of correlations include correlational selection, molecular signaling systems that regulate both traits, and direct physical or physiological relationships. Positive correlations specifically result from variation in ability to acquire or assimilate resources. In contrast, negative correlations result from trade-offs, specifically variation in how resources are partitioned among competing interests. These underlying causes of observed correlations largely represent different ''levels'' of explanation, meaning that some represent evolutionary explanations for correlations, whereas others represent developmental or physiological explanations. (E) We give a selection of explanations for how in each case (A-D) the macro-evolutionary pattern shown might arise from the intraspecific variation depicted in each graph. Variation within species can result either from environmental variation, or as a result of constitutive relationships among individuals. In this case, the only difference is whether the lines of least resistance or the ''genetic assimilation'' hypothesis is a better fit. Mild variations around these scenarios (statistical noise) are likely, as are combinations, as most are not exclusive. Alternative scenarios can be imagined, such as non-linear relationships among species, but we present what we consider the most likely scenarios in which relationships are detectable both within and among species. One can imagine scenarios in which meaningful correlations are only present at one level of variation. These scenarios are not depicted graphically, but should be explainable by the same hypotheses.
may be absent or reversed between species (Fig. 3B) . This is generally explained by genetic (or environmental) variation in the acquisition and allocation of resources. Differences in the availability of resources or in the ability to acquire or assimilate resources generate positive correlations among individuals or species, whereas negative relationships among individuals or species are generated by ''competition'' among important traits for a limited resource pool (Van Noordwijk and De Jong 1986; De Jong and Van Noordwijk 1992; Reznick et al. 2000) . For instance, in Agrawal et al. (2010) , Rasmann et al. (2009), and Agrawal (2011) , there is an apparent trade-off within a species among plants' chemical defenses presumably due to decisions being made about allocation of a limiting resource. However, the interspecific pattern relates to evolution of the ability to acquire different amounts of the limiting resource. In another instance, plumage carotenoids can be positively correlated with individual quality within some species (Hill and Montgomerie 1994) , but variation across species in the ability to acquire carotenoids from the diet means that interspecific patterns are not necessarily predictable (Hudon 1991; McGraw 2005) .
In the case of the acquisition-allocation hypothesis, the specific aspects of the underlying molecular signaling system that are changing are still unclear in many cases. However, it is likely that changes in pathways regulating life-history traits (such as juvenile-hormone signaling), nutrient metabolism, or overall nutrition (such as insulin signaling) are playing an important role (Zera and Harshman 2001; Emlen et al. 2006; Flatt and Heyland 2011) . One interesting possibility is suggested by the theoretical framework proposed by Ketterson et al. (2009) . Specifically, evolution of resource-acquisition or resource-assimilation processes could operate through evolution of the magnitude of signals or of sensitivity to signals across an entire organism in the molecular signaling systems that are important in nutrient sensing, such as insulin and IGF-1. Similarly, regulators that act locally within an organism, such as tissue-specific regulators or those with a limited critical period in which to act may evolve in response to the evolution of allocation tasks. The molecular basis of individual trade-offs is generally unknown, even for well-documented trade-offs (Flatt and Heyland 2011) . It is also possible that different molecular signaling systems or different modules represent the physiological target of the evolution of acquisition and allocation tasks.
The ''unconstrained complexity'' hypothesis The ''unconstrained complexity'' hypothesis has to do with the observation that molecular signaling networks generally have many parts, with built-in robustness and redundancy. This suggests that there are a large number of potential evolutionary targets and patterns within species that may not necessarily mirror patterns across species (Fig. 1) . This idea recalls Hau's (2007) ''evolutionary potential'' hypothesis, which suggested that each piece of a signaling pathway can evolve independently. Evidence for this idea comes from studies that show interspecific variation need not stem from variation in circulating hormones or regulators between species. For instance, variation in mating systems between prairie voles and meadow voles is mediated by variation in oxytocin receptor expression in the brain (Young and Wang 2004) and behavioral variation in birds may be underlain in part by expression of receptor proteins in the brain Voigt et al. 2009 ). In the field cricket (Gryllus rubens), it has been shown that the regulation of different morphs is underlain by the metabolism of juvenile hormone (JH) through JH esterase (Zera et al. 1992) . Because the phenotypic implications of this hypothesis are so variable, resorting to testing its predictions about the evolution of signaling systems is probably the best way to approach it. In addition, along with the next hypothesis, the possible physiological complexity of tests of this hypothesis might suggest that candidate mechanisms be identified (as in the example of G. rubens) before moving into macro-evolutionary analyses.
The ''network constraints'' hypothesis
The literature on molecular networks offers an additional hypothesis that links micro-evolutionary and macro-evolutionary patterns via an understanding of signaling systems. The ''network constraints'' hypothesis states that the degree of connectivity and modularity in a suite of interacting molecules can bias evolution in certain ways. For instance, proteins at the center of a network are more evolutionarily constrained than are those at the periphery (AlvarezPonce and Fares 2012) and those with more specific patterns of expression (for instance, between tissues or sexes) tend to be less evolutionarily constrained (Pal et al. 2006) . The degree of network modularity can also affect broader evolutionary patterns: modules can reduce pleiotropic constraints, facilitating evolutionary change (Wagner and Altenberg 1996; Snell-Rood et al. 2010) . If factors such as environmental variation promote the evolution of network modularity, it suggests that some species (such as generalists) may be able to shift over a greater trait space over macro-evolutionary time. Alternatively, a trade-off between robustness and modularity (Tran and Kwon 2013) suggests that evolvability of more canalized species may be limited to neutrally-explored network-space (Wagner 2008) . Regardless, the burgeoning field that is investigating gene and protein interactions relative to evolutionary patterns is an exciting area of future applications for understanding how variation within species and between species is linked.
The ''genetic assimilation'' hypothesis
From the literature on phenotypic plasticity, we find one additional hypothesis in which molecular signaling systems link variation within and among species. This hypothesis suggests that the developmental architecture underlying a plastic response within species provides the mechanism mediating divergence between species (Pfennig et al. 2010 ). For instance, the genes underlying an aggressive response within bees are the same as those that differ in constitutive expression between morphs that differ in aggression (Alaux et al. 2009 ). Genes involved in other plastic responses have been hypothesized to play a role in divergence across populations or species (Young and Badyaev 2007; Scoville and Pfrender 2010) . The ''genetic assimilation'' hypothesis can make similar predictions concerning phenotypic divergence as does the ''lines of least resistance'' hypothesis ( Fig. 3A  and D ), but the emphasis is different (on plasticity versus pleiotropy). The ''genetic assimilation'' hypothesis emphasizes the role of plasticity within species and constitutive changes in that mechanism across species, whereas the ''lines of least resistance'' hypothesis could include a range of mechanisms, such as genetic correlations or hormonal pleiotropy, only some of which may include plasticity.
An extreme form of the ''genetic assimilation'' hypothesis may come from signaling systems that develop through developmental selection or hypervariable plasticity (Frank 1996; Hull et al. 2001; West-Eberhard 2003; Snell-Rood 2012a) . In these systems, such as trial-and-error learning or acquired immunity, phenotypes are a product of variation within an individual and of reinforcement of beneficial variants over developmental time. For such mechanisms, the range of alternate phenotypes stems from the range of variant traits and the length of time an individual receives feedback on these traits. Here, it is less likely that between-species patterns will be mirrored by within-species patterns unless selective pressures are parallel across all species. For instance, mechanical feedback during feeding can influence plasticity in skeletal and muscular development (West-Eberhard 2003) ; such plasticity may bias the direction of macro-evolutionary divergence through eventual genetic assimilation (Wund et al. 2008; Aubret and Shine 2009 ).
These hypotheses likely act in concert
This is not an exhaustive list of mechanisms linking phenotypic variation within and among species, nor are these mutually exclusive hypotheses. In many cases, these mechanisms are likely acting in concert across lineages, which could explain the diversity of macro-evolutionary patterns we see. Thus far, results from comparative phylogenetic analyses suggest that interspecific relationships between molecular signals and phenotypes sometimes relate to their functional relationships within species to a surprising degree. In other examples, this is not the case. Despite our general focus in this article on multi-species comparisons, some of these questions could be tested preliminarily in two-species comparisons, particularly those involving reaction norms, entire developmental networks, or those in which candidate mechanisms for macro-evolutionary change need to first be identified. Without such preliminary data, some of the hypotheses we discuss in this section may simply not be feasible to test using techniques covered in the next section, due to the difficulty in collecting the volume and breadth of data required.
Intriguingly, results so far seem to suggest that simple approaches, thus far those investigating circulating concentrations of hormones, are rather effective when it comes to linking physiological and phenotypic variation among species (Bó kony et al. , 2009 Garamszegi et al. 2008; Stuart and Page 2010; Eikenaar et al. 2012; Lendvai et al. 2013; Swanson and Dantzer 2014) . Given the paucity of analyses on this topic, and thus far the focus on circulating hormone concentrations, forming a strong conclusion on this topic is premature. Nevertheless, one can certainly formulate hypotheses. First, the possibility that entire developmental systems evolve as one (see Hau's [2007] ''evolutionary constraint'' hypothesis) would explain this pattern. This could be tested by using similar techniques to look explicitly at co-evolution of quantitative variation among different components of the same molecular signaling systems. In contrast, we also propose that this pattern could be explained by positing that circulating hormone concentrations are one of the most ''important'' mechanisms in phenotypic divergence, despite the complexity of the 812 E. M. Swanson and E. C. Snell-Rood systems within species. Finally, as usual, it is possible that negative results of these types have simply not been reported. At this time, without more examples of these analyses, particularly of negative results or of examples beginning to incorporate receptor densities or expression of transcription factors, we are limited in actually falsifying or supporting hypotheses.
Applications of phylogenetic comparative methods in evolutionary endocrinology
Our main goal in this section is to introduce the basic ideas with which one should be familiar to conduct such analyses, especially to developmental biologists without a strong background in comparative phylogenetics. We do not cover every detail, or every possible approach. Rather, we try to delineate the reasons for considering the role of shared evolutionary history in patterns among extant species, as well as possible pitfalls, and direct investigators to an appropriate analytic tool. Further, where possible we point to resources that provide far more detail, and ideally specific examples of individual techniques.
When studying the evolution of molecular signaling systems among many species, one must account for patterns of relatedness. The concern here is that species are not truly independent of one another to the extent that they share evolutionary history (see Fig. 2 ; Felsenstein 1985; Miles and Dunham 1993) . Failing to account for this shared evolutionary history can result in pseudoreplication, inflating statistical significance, as well as biasing the magnitude and possibly even the direction of estimated effects. Phylogenetic comparative methods have a long history and have become an important tool in evolutionary biology. Recently, advances in statistical and computational approaches have made available a wide variety of approaches, and as a result phylogenetic comparative methods have become practical for most questions. It may seem upon first glance that such statistical approaches to estimating relationships among many species simultaneously will not be useful due to the complexity and plastic nature of signaling networks. We argue that the success of the few published approaches incorporating endocrine variation, described at the end of the previous section, suggests not only that the approach is possible, but also that it can yield interesting conclusions about the physiological mechanisms responsible for mediating phenotypic diversification. Therefore, we suggest that detailed comparative work should be undertaken incorporating developmental mechanisms, and the results interpreted with the same concerns that should accompany all correlative and observational research. An important thing to remember about comparative analyses is that considering the role of shared evolutionary history does not necessarily result in superficial analyses. Rather, as statistical and computational approaches continually increase in sophistication, the role of shared evolutionary history of living species becomes another source of variance to be measured, interesting in its own right. Analyses can incorporate multiple predictors and response variables with complex sources of variation and covariation. The challenge lies in gathering robust data, a good phylogeny, and applying techniques in a responsible manner with a strong a priori understanding of underlying theories.
Previous research has suggested that consistent variation among individuals with regard to molecular signaling mechanisms is often not present, in part due to their high permissivity and plasticity (Adkins-Regan 2008) . Extending this idea, one may hypothesize that shared evolutionary history in molecular signaling systems is not important to consider. Indeed, the few comparative phylogenetic studies that exist on the topic suggest that quantitative variation in the developmental mechanisms studied thus far is highly labile, exhibiting little phylogenetic signal Lendvai et al. 2013; Swanson and Dantzer 2014) . Regardless, the degree of phylogenetic signal should be addressed empirically in each new study. Furthermore, it may be important to consider alternative models of evolution, as traditional phylogenetic approaches such as phylogenetically independent contrasts ([PIC]; Garland et al. 1992 ) and phylogenetic generalized least squares (PGLS; Grafen 1989) assume that evolutionary rates are proportional to phylogenetic distance, an unlikely assumption for individual traits. Increasingly, options are available for more complex evolutionary models that allow evolution to exhibit directional trends, operate under certain restrictions, or vary in rate depending on its proximity to a speciation event. As a specific example, consideration of multiple types of branch-length transformations as well as evolutionary models reflecting biological hypotheses such as Ornstein-Uhlenbeck (OU) has been explicitly suggested (Freckleton 2009 ).
Modern approaches generally begin with testing hypotheses about appropriate evolutionary models, then continue by considering phylogeny as a form of random effect or autocorrelation. Mixed effects and autocorrelative models both can be fit in different ways, including using maximum likelihood, generalized least squares, generalized estimating equations (GEEs), and Markov chain Monte Carlo (Grafen 1989; Hadfield 2010; Paradis 2011; Ho and Ané 2014) . Each approach has strengths and weaknesses that relate to details of the evolutionary model, the complexity of allowable statistical models, and the ability to consider additional biological considerations such as distributional assumptions (see Table 1 for examples). Some considerations are critical. For example, failing to consider hierarchical variation such as multiple measures on the same individual, on related individuals, or within and among distinct populations can cause many of the same problems as failing to account for shared evolutionary history. Some phylogenetic methods can accommodate such variation, whereas others cannot. Choosing a method should be done carefully after considering the needs of a specific project. At the end of this section, we discuss each of the methods described in Table 1 .
PICs were perhaps the first modern phylogenetic comparative method. PIC is still commonly used, and is computationally the most straightforward approach, relying on the fact that although the tips of a phylogeny exhibit autocorrelation due to shared evolutionary history, the nodes do not (Fig. 2) . Thus, the main benefit of PIC is that it is easy to calculate, whereas the primary drawback is that the data used represent the nodes on the phylogeny, not the tips. There are a number of programs available for PIC, including the PDAP package (Midford et al. 2005) in Mesquite (Maddison and Maddison 2004) , as well as in the ''caper'' (Orme et al. 2012 ) and ''ape'' (Paradis et al. 2004 ) packages in R (R Development Core Team 2013), and many other sources. PGLS regressions allow simultaneous estimation and consideration of the degree of phylogenetic autocorrelation using a number of possible models of evolution. PGLS is also offered in the ''caper'' and ''ape'' packages in R. There are a number of possible approaches to using generalized linear mixed models (GLMMs) for phylogenetic comparative analyses, but the ''phylolm'' package in R is dedicated to this purpose, allows normal and binomial distributions, and uses an algorithm appropriate for large datasets (Ho and Ané 2014) . GEEs relax a number of the assumptions of GLMMs, allowing more flexible distributions (Paradis 2011) . In addition to the original sources for these techniques given in Table 1 , we refer readers to Paradis (2011) for more information on each of these techniques.
To integrate evolutionary, phenotypic, and developmental complexity, newer approaches may be useful. The ''MCMCglmm'' package in R allows a number of beneficial, though sometimes complex considerations, such as Bayesian inference (Hadfield 2010) , flexible statistical distributions, and consideration of additional grouping factors (random effects) allowing estimation of measurement error or familylevel variation simultaneously with phylogeny. This approach is slightly more complex than the others available, but is also probably the most flexible approach available. Furthermore, ''MCMCglmm'' was recently used for the first time in a phylogenetic comparative analysis considering molecular signaling systems (Lendvai et al. 2013) . ''MCMCglmm'' also allows more than one response variable to be fit in a model simultaneously, which opens the door to a new topic: path analysis. Phylogenetic path analysis (PPA) is still rarely used, but shows great promise. For instance, PPA offers the opportunity to assess and directly compare multiple hypotheses about functional and evolutionary relationships among molecular signaling systems and phenotypes. There are likely a number of approaches to PPA. However, published approaches that allow comparison of competing path models include mixed modeling using the ''MCMCglmm'' package in R (Hadfield 2010 ), Shipley's (2000 Shipley's ( , 2009 d-sep method, and the method used by Santos and Cannatella (2011) . The drawback of using ''MCMCglmm'' for this purpose is that only simple path models allowing multiple predictors and response variables are allowed (Hadfield 2010) ; path models that chain together variables are not testable. We are not aware of specific examples in which people have used ''MCMCglmm'' for PPA, although it has been used for more basic phylogenetic analyses and analyses of complex sets of predictor and response variables (Hadfield and Nakagawa 2010) ; this is simply an extension. Other tools for path analysis allow response variables to act as predictors for further response variables. For example, Shipley's method is very flexible, allowing complex and multi-step path models, consists of fitting multiple generalized linear models, and allows estimation of a type of model fit parameter. One way to apply Shipley's (2009) approach in a phylogenetic context was described in detail by von Hardenberg and Gonzalez-Voyer (2013) and used both by von Hardenberg and Gonzalez-Voyer (2013) and by Swanson and Dantzer (2014) . Santos and Cannatella (2011) provided an alternative approach, describing their technique in detail and applying it themselves in a very interesting example. Other statistical approaches that have rarely been applied in this context may prove similarly useful. For example, simultaneously measuring reaction norms and incorporating techniques such as those used in behavioral ecology (see Brommer [2013] for example R code), variation Notes: An extremely condensed description of how the method accounts for phylogeny is given, as well as any specific benefits and drawbacks of the method, specific distributions it can fit, a reference for the method, and an example of researchers using the method, if available. This is by no means an exhaustive list, simply one meant to be maximally helpful for those new to phylogenetic comparative methods.
among individuals, and phylogenetic variation for rather complex questions would be possible with either MCMCglmm or Shipley's method. Estimating the variation due to different levels of variation simultaneously is actually a consideration the importance of which is easily overlooked. One common alternative is to use predictions for individuals estimated from a random effect included in a model (e.g., BLUPs). This approach has recently been criticized in the behavioral ecology literature (Hadfield et al. 2009 ). For example, one major concern arising from not estimating variation due to different factors simultaneously in the same model is that predictions taken from a model are not without error, but using them as predictors in future analyses assumes that they are. Novel computational approaches, such as combining these statistical approaches with techniques like individual-based evolutionary simulations incorporating complex development and plasticity could also provide insights. This combination, for example, might help researchers narrow the range of likely path models a priori, which could then direct further research efforts, eventually allowing a hypothesis-testing approach in cases for which a more exploratory approach would otherwise be used. Such approaches integrating computational predictions and empirical research have had great success in genetics (e.g., Hess et al. 2009; Hibbs et al. 2009 ), and are increasingly of interest to biologists as the computational tools become more widely available.
Regardless of the plethora of phylogenetic approaches, there are certainly concerns among evolutionary biologists about how to correctly apply such approaches. Freckleton (2009) gave a comprehensive and detailed treatment of common problems with comparative phylogenetic methods, listing seven ''deadly sins'' of phylogenetic analyses. Many are applicable to any statistical analysis, such as not paying enough attention to strength of model fit to the data (R 2 ) or disguising exploratory analyses as hypothesis testing. Others relate solely to phylogenetic analyses, for example not considering multiple evolutionary models. Another, concerns about data quality, is probably particularly important here; developmental mechanisms are often measured in different laboratories using multiple techniques, and subjects may experience many different types of environments. These details need to be considered, and ideally either only high-quality studies included, or the impact of possible confounds measured statistically. Of course, this may not always be possible, but awareness of these concerns is certainly important. The complexities of the physiological and mechanistic aspects of these questions are as important as the statistical and evolutionary aspects if we are to achieve an integrative and nuanced framework for this research.
Conclusions and questions for the future

What we know
We are at an exciting time when, with genomics and proteomics, we are beginning to accumulate detailed data on a variety of signaling systems important in regulating phenotypic development across a wide range of species. As more data become available, we can continue to improve our understanding of how variation within individuals, within species, and among species relate in a framework that integrates evolution and development. Here, we have reviewed basic components of endocrine signaling systems, as well as evolutionary concepts and statistical approaches that may be useful when beginning to analyze these data in a comparative manner. We have outlined a number of hypotheses relating to how physiology can explain the links between intraspecific variation and macro-evolutionary patterns. Each hypothesis we present likely varies in utility as an explanatory tool for macro-evolutionary patterns. Delineating the importance of each will only be accomplished by testing them empirically to better understand how the signaling systems responsible for phenotypic variation evolve. As we amass more data, we will be better able to predict the role of physiological signal change in phenotypic diversification, in some cases by examining phenotypic variation alone (e.g., Fig. 3 ).
The hypotheses we propose come from disparate literatures (e.g., life-history theory, ''evo-devo,'' quantitative genetics, genomics, and systems biology). The breadth of topics that need to be integrated to test all of these hypotheses is somewhat staggering. We take a rather narrow focus here, as most studies presently reviewed focus on hormones and signals due to availability of data across species. Researchers appear interested both in the evolutionary relationships between hormone concentrations and other phenotypes (Bó kony et al. 2009; Lendvai et al. 2013) , as well as the mechanistic role of hormones in phenotypic diversification (Swanson and Dantzer 2014) . It is not yet fully clear how commonly physiological signals with consistent developmental roles within many species represent underlying regulators of phenotypic diversification, as suggested by Dantzer and Swanson (2012) and Swanson and Dantzer (2014) for IGF-1 and life histories. It is similarly not yet clear how important it is to delineate such studies from those adopting a more traditional comparative phylogenetic approach in which the molecular signal is thought to be evolutionarily, rather than mechanistically, related to the phenotype. The general success of published analyses thus far suggests that circulating concentrations of hormones alone appear to have a surprising amount of explanatory power in some of these relationships, but due to the lack of published negative results it is unclear how common this is. We are not yet at the point where a major synthesis is possible, but as genomic and proteomic data become increasingly available across a range of non-model systems, we will be able to test these ideas about the role of physiological evolution in phenotypic diversification.
Despite differences across different classes of signaling molecule, there are some commonalities that span them all-for instance, concepts about redundancy, modularity, signals, and receptors, and the ability of signals to respond to environmental stimuli. Nevertheless, different signaling systems also have important differences. For example, changes in transcription factor expression like those seen in Hox genes can underlie major phenotypic rearrangements in body plans and appendages (Averof and Akam 1995; Ronshaugen et al. 2002) , and thus may be more likely to explain variation among species than within species. Such changes may be responsible for discontinuities in macro-evolutionary processes that are largely invisible on a micro-evolutionary scale (Erwin 2000) . In contrast, environmental gradients may create phenotypic variation in response to the endocrine system that is not visible to selection. Of course, other transcription factors represent downstream effectors of these same hormones (e.g., FOXO), so such conclusions about whole classes of signaling molecules may be largely premature.
Where to go
Much of what we have discussed here relates to integrating the complexity and depth of research in model organisms with the evolutionary scale common in phylogenetic comparative methods. In some cases, this approach might direct researchers back to model organisms. Another approach would be to take model evo-devo systems and focus more on intraspecific variation, for instance in studies of the variation in the eyespots of butterflies (Beldade et al. 2002; Reed and Serfas 2004) or in beetles' horns (Emlen et al. 2006; Snell-Rood and Moczek 2012) , within and between species. In this way, we can begin to test how mechanisms underlying variation within species translate into the impressive patterns of diversity seen among species which are so often the focus of evo-devo studies.
At this point, it is clear that tools developed for studying micro-evolution, such as quantitative genetics, can have a surprising amount of predictive power at macro-evolutionary scales (e.g., Begin and Roff 2004) . Nevertheless, we have discussed scenarios in which quantitative genetics alone may not predict the phenotypic change observed, as well as cases in which consideration of molecular signaling can simply give us a more nuanced understanding of the developmental basis of evolution. In these cases, considering the changes in physiological signaling mediating the observed macro-evolution may improve predictive power beyond that achieved solely using micro-evolutionary techniques. The primary question here, however, is to what extent does considering physiological mechanisms help improve predictions, either for understanding the origin of diversity or of specific applications? How much complexity is necessary to understand the evolution of molecular signaling systems at higher taxonomic levels? For instance, are patterns of variation across species best explained by models that account for one developmental factor, or for an entire suite of interacting factors? Modeling approaches that incorporate aspects of development may also prove to be powerful tools (e.g., Draghi and Whitlock 2012): do molecular signaling systems with varying levels of complexity and integration result in different macro-evolutionary patterns if they are allowed to diverge over time across in silico species? How complex must systems be to result in realistic evolutionary behavior?
It is still unclear the extent to which all aspects of a complex developmental system need to be taken into account. Empirical and theoretical approaches both can delve into this more deeply. As we begin to amass the relevant data, we may develop a better understanding of the molecular basis of concordant and discordant patterns within and among species, as well as the extent to which aspects of molecular signaling systems may account for interspecific variation, either independent of selection or by molding phenotypic responses to selection. In many ways, the ideas discussed here represent a broader trend in the field in which we are starting to use an understanding of development and plasticity to better explain patterns of evolution and biodiversity (WestEberhard 2003; Pfennig et al. 2010; Bateson and Gluckman 2011) . It is clear that incorporating the complexities of development will help to clarify the diversity of ways in which intraspecific variation translates into macro-evolutionary patterns.
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